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SUMMARY

Results are presented of sea-level performance tests conducted
on 8 2Z-inch-dlameter pulse-Jet engine installed on a thrust stand.
The tests were conducted at simulated ram pressures of O, 18, 40,
and 58 inches of water and cover the entire range of fuel flows for
which resonant operation of the engine is obtained. R

A sumary of the important test results ls presented 1n the
followling table:

Slmilated ram pressure, in. water O} 18| 40| 58
Equivalent indicated airspeed (NACA alr), mph 01190 | 280} 340
Predicted maximum flight thrust, 1b 500|660 | 740]770

Thrust specific fuel consumption at maximm- 4.013.8 | 3.8]4.2
thrust operation, 1b/(br)(1b thrust)

Predicted flight thrust for operation at 4201610 |660}680
minimm fuel consumption, 1b i
Minimm value of thrust specific fuel con- 3.813.,4 |3.3]3.6

sumption, 1b/(hr)(1b thrust)’ .

Maximum-thrust operation was obt#ined at a fuel-air ratio of approxi-
mately 0.08 and best fuel economy, in the fuel-air-ratio range
between 0.064 and 0.072.
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The operating frequency of the engine varied from 39 to
41 cycles per second. Maximum combustion-chamber pressures in the
order of 40 to 50 inches of mercury gage. and minimm pressures fram
about 7 to 10 inches of mercury vacuum were mesasured for the simm-
lated ram pressures of 40 and 58 inches of water. The operating
lives of the two flapper-valve assemblies used in the tests were
approximately 17 and 33 minutes.

INFIRQDUCTION

At the request of the Air Technical Service Command, Army Air
Forces, and the Bureau of Aeromautics, Navy Depariment, an inves-
tigation 1s being conducted at the NACA Cleveland laboratory to
improve the performance and extend the operating life of the pulse-
Jet engine. Ay a part of this investigation, thrust-stand tests
were conducted to determine the sea-level performance of a 22-lnch-
dlameter pulse-Jet englne at simlated ram pressures of O, 18, 40,
and 58 inches of water for the entire fuel-flow range of resonant
operation. The performance data obtailned in these tests, which were
conducted from February to June 1945, are presented in this report.

TEST INSTALLATION AND INSTRUMENTATION

Description of pulse-Jet engine and its operation. - The pulse-Jet
engine used in the investigation 1s a reproduction of the German engine
uged in Wald War II for propelling the V-1 flying bomb. As illustrated
in the dimensioned sketch of figure 1, the pulse-Jet engine consists
of a flapper-valve grid assembly end a steel shell that forms the dif-~
fuser entry ahead of the grid, the cylindrical combustion chember, the
conlcal nozzle, and the long cylindrical tall pipe behind the grid.

The inner giamatars of the combustion chamber and tall pipe are

1
21§ ani 15g inches, respectively; the ratio of combustion chamber to

taili-pipe flow area 18 therefore approximately 2:1. The flapper-valve
grid assembly consists of spring-steel sheets 0.010 inch thick, whick
are preformed and installed to seat tightly against the ribs of the
eluminum gid sections. (See detalled sketch in fig. 1.) The spaces
between the ribs form the air passages across the grid sections; the
restriction of alr flow through these passages l1s controlled by the
opening and closing action of the flapper valves. Three horizontal
venturl-shaped channels are located at the entrance to the combus-
tlon chambsr directly downstream of the flapper-valve grid assembly.
The venturl channels are formed by, the insertion in the forward end of
the cambustion chamber of airfoil sections constructed of sheet metal.
The spray ends of the fuel nozzles, which are supported on the flapper-
velve grid assembly, are certrally located slightly upstream

of the throat of the veuturl channels. The purpoze of these
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channele is probably to improve mixing between the cambustion alr and
the fusl. A spurk plug installed on the combustlon-chamber shell in
 the- position indicated in figurc.l .is used for startling the engine.

Figures 2 and 3 are photographs of the downstream and upstream
faces of the flapper-valve grid aasembly and show the nlne centrifugal -
spray fuel-injection nozzles, the three compressed-dair Jets, the fuel-
dlstribution manifold, and the compressed-air lines. The campressed-
air Jjots, which are 1ncorporuted for static starting, were not used
in the tosts.

Rosonant operation of the engine is as followe: The flapper
valves opcn und admit air intc the combustion chamber. The fucl opray
mixes with the incoming afr and forms a combustiblo mixture, which is
ignited by the resldual oxhaust gases of the previous explosion. The
prossurc rise rcsulting from the explcsive combuation causes the
flappor valves to snavp ghub agninst tiie grid and the burned products
of combustior. av-o dischargel reoarwurdly throwgh the inil plpe, thus
providing a4 thrust Impulse on vhy engine in o forward direction, The
outward »ust of guscs from che tall pipo roducos tho proasaro within
thu combustion chimbor, whick cuzuses tho flupprr valves to rvopon and
adnit a now chorgo cf alvr, Tho cyclo then ropunbo 1tnolf at a fro-
quency govornud by the rosonant fruguoncy of the ungino tubo.

Thrust stand nd thrust-muaearing system. - Fizure 4 is n sche-
matic diagram of the tust sotup enowing tho mounbing framo, tho thrust
plioform urd thrusc-merauring linkego, and tho gonurel ducting systom
for supplying caombustion zir to thu onglnu. The shrouds and ducting
of tho ccoling-air systom and othoi dotaila of thu tusat lnstallation
my bu ecn in tho photograph of flguro H. Thu fronbt (upstream)
support for tho vniing consisty ¢f an wd justable yoke.huving floxible
rvbbor-mountud buarings at tho two support polnts lfor cusihioning the
viclontly fluctuating thiwet forcec ovdbtainod dvring oporation. The
rowxr (dovmotroam) suppert is fixed to tho frame with a ocimplo sliding
bolt und slot arrungoment to provido for the ezpanoion of thoe sholl
whon heatod during normal oporation. After inmatial tosts, thoe
vxtremr. und of tho tail pipon wae clompod te tho frume by moino of
motal streps to pruvent 't from whipping wnd ongging during opuration.
The thiust platform, upon which the mmounting frame 1o beltod, 1o
gupportod by dall and roll.r buering linkagos sbovu & budplate
gocuroly anchored to an Jjtolsntod coneroto block mut In the ground.

The thrust platform, the support linkagea, and the bedplate Fform
the sides of a pin-Jointed parallslogram. The rear support linkages
and a thrust aixm are keyed to u cammon shaft to form a bell-orank
arrangement with a 10:1 leverage ratio. The forces on the englne
ars transmitted from the thrust platform, through the bell crank, to
the piston of a hydraullc piston-cylinder assembly. ZKorosene 1is
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pumped from a reservolr to the bottom of the cylinder and returned
through e horizontal slot 1/16 inch wide and 7/8 inches long midway
in the cylinder barrel. Under load conditions the piston automati-
cally assumes & position relative to the slot opening such that the
kerosene pressure exerted on the under side of the plston balances
the forces applied to the top of the piston. The kerosene pressure
in the cylinder is transmitted to a mercury manmmuster through copper
tubing, which incorporates a l-foot length of capillary tubing with
a 0.032-inch inside diemeter. The capillary tublng provides for
linear damping of the pressure pulsations resulting from the inter-
mittent Jet forces and thus insures true time-average readings.

In order to check the accuracy and rellability of the thrust
readings obtalned with thls hydraulic-balance system, thruat measure-
ments were also taken in some tests (not reported herein) with a
strain gage installed on the comnecting rod between the thrust arm
and the balancing plston. Agreement between the thrust indlcations
obtained by the two methods were within 5 percent; because the two
thrust-measuring methods operate on entirely different principles,
Insofar as giving a time average of the periodic thrust forces
developed by the engine, it 1s concluded that the time-average thrust
measurements obtained by elther method are correct.

Combustion-alr system. - As shown 1n figure 4, a centrifugal
blower driven through a varlable-speed magnetic coupling by a
200-horsepower constant-speed inductlon motor supplies combustion
elr to a large surge tank from which it flows to the pulse-Jet
engine. The surge tank, which serves as a constant-pressure reser-
volr, has a volume greater than 300 times the volume of the engine
cambustion chamber; the air-pressure fluctuations in the surge tank,
resulting from the cyclic "breathing" of the engine, are therefore
small. An alr-tempering tank, located in the ducting system between
the blower outlet end the air surge tank, contalns sultable steam
colls and water coils with sutomatically controlled mixing vanes
for regulation of the combustion-air temperature. The surge-tank
pressure (or simlated ram pressure) wes controlled by regulation
of the blower speed and a bleed valve located near the blower outlet.
Measurements of combustion-air weight flow were obtained by means
of a 14-inch thin-plate orifice installed in the combustion-air
syetem according to A.S.M.E. specifications.

The transition ducting between the air surge tank and the
entrance diffuser of the engine 1s rigldly supported on the same
mounting frame as the engine itself and is connected to the surge
tank by means of a Plexible rubber dlephragm (see detaill A, fig. 4),
vhich prevents transmittal of thrust to the surge tank. Because
the engine mounts permit some movement of the engine relative to the
mounting frame, whereas the transition ducting is rigidly fastened
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to the frame, a rubber-boot comnectlion is provlded between the engine
diffuser and the transition section (mee detall B, fig. 4).

. Fuel and ignition systems, - Fuel, oonforming to AN-F-22 speci-
ficatlons, was pipad to the engine from the laboratory main supply
aystem, An auxillary fuel pump was used to boost the main-supply
fuel pressures, as required to obtain the high fuel rates and the
attendant high fuel-nozzle pressures. The fuel flow was regulated
by a needle valve and measured by a calibrated rotameter. A
solenoid-operated valve in the fuel lire adjacent to the engine
afforded a quick means of opening and shutting off the fuel supply
to the engine during operation. A fuel surge tank is comnmected dy a
tee from the fuel line at a point Just upstreem of the solenold-
operated valve. The voluwe in the lower portion of the tank neoarest
the comnection 1s filled with gasoline and the upper volume contalns
entrapped alr for cushloning the line surges. The fuel surge tank
also functioned in startlng the engine as a prossurized fucl reser-
volr for giving a quick high-pressure injection of fuel into the
combustion chambur the instant the solenoid valve was opoened.

A lo;UOO-volt output transforuwer ard a l4-millimeter automcbile-
onglne spark plug provided the initial ignitlon reguired for starting
the cngine.

Coollng-~air system. - The snglne is cooled during operation by
circulation of cuoling alr 1n tho annular space botween tho englne
shell and the cooling shrouds shoyn in figure 5. The cocling air is
dellvored to the cooling shrouds by a centrifugal blower drlven
throuzh a hydraulic coupling by a 900-horsepuwor constant-speed
inducticn motor. Tho coolinz-shroud installuation is not in contact
with the engine or the thrust-transmitting members and thuvs does not
intorfere with the thrust measuremonts. The cooling air is intro-
duced into and dischargod from the annular space in such a manner
that 1ts total momontum along the thrust axis of the onglno is kopt
at a minimum. '

Prossure and temperature moasuremonts. - The pressure-tube and
thermocouple instrumentation used iIn the tests is briefly outlined
as follows:

(a) A survey with four total-pressure tubes at the engine
diffuser entrance (plans h, fig. 6). The average pressure above
atmospheric thus obtained would correspond closely to flight ram
pressure.

(b) A survey with four static tubes and four iron-constantan
thermocouples at the surge tank outlet (plane 1, fig. 6).
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(¢) Statio-pressure wall tap for measurement of the statioc
pressure of the combustion alr within the alr surge tank,

(4) Flange static taps upstream and downstream and an iron-
oonstenten thermocouple upetream of the combustion-ailr orifice plate.
These readings are used for the determinations of combustion-air
Ilow.

(e) Three iron-constantan thermocouples peened into the upstream
face of the flapper-valve assembly.

(f) Five chromel-alumel thermocouples spot-welded to the engine
ghell at 2-foot Intervals downstream of the flapper-valve assembly.

The preassure tubes are comnected to a multitube liquid mancmoter,

the readings of which were pbotographically recorded during the tests.
A mlcromancmeter was used to obtaln o more accurate reading of the
cambustion-alr pressure differential across the orifice plate. The
temporatures wero indicated by self-balancing poterntiometers.

Combust ion~-cycle meaduraments. - Theo engine combustion-chamber
nressuwres were transmitted to a cupzcity-type pressurc pickup and
were obtulned as verticul deflectlons on n cathode-ray oscllloscope.
The hcorizontal sweep on the oscllloscope was actuated by a calibrated
awdlo-froquency oscillator, which rosulted in a trace on the oscil-
loscope screen of prussurs agulnst time. Thoe preasure trace on the
screen was photographed during the tests. Thou frequency of the
pressure trace was obtainad from the setting of the audio-frequency
oscillator,

Proliminary tests showed that the pressure plckup was roelatively
Insensitivu to vibratlional distwrbances, but that, 1n splte of its
wuter-cooled pressure-sonsitive diaphragm, 1t gave highly distorted
and changing wave rcrms whon subjected to hot gases. This rosponse
may boe due to warping and changoes in thoe physilcal properties of the
thin dilaphragm upon sppiicetlon of heat. In order to avold direct
sxposurc of tho diaphragm to tho cambustion gasos, the pickup was
installed at tho ond of u water-cooled extension tube of 3/3-inch
inside dimaotor and 34-inch length, which, in turn, was mounted on
tho combustion chambo¥ about 1 foot bohind the flapper-valve
assombly.

Tho quantitetlive information on the combustlon pressuro cycle
!s obtained from measuremsnts cof maximum and minimum cycle pressurocs.
A balancod-disk plckup of NACA design, which has beon successfully
uged In recipirocating-engino development to msasure maximum cylindor
pressures and found to be relluble, wae used in the subJject tests to
measurc tho meximum cycle pressure. In the operation of thu
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balanced-disk pickup. the cyclic combustion pressure acting on one
silde of the dlsk is counteracted by a controilable constant air pres-
sure on the opposite.side. The counteracting pressure, when adjusted
to the lowest value that will keep the disk on its seat at all times,
will be olosely equal. to the mexlmum combustlon pressure. This con-
dition of balance is indicated by a l-watt neon lamp in a direct-
current circult that includes the disk and 1ts seat. The pressure
pickup used for measuring minimum pressure 1s similar in construction
and operation to that described for measuring maximum pressure; the
balancing constant pressure in this case 1s maintained Py a vacuum

pump.

ANALYSIS OF TEST DATA

In order to interpret the teet results for application to the
conditions of flight, a brief theoretical stvdy is given of the air
flow and the resnliing forces present toth iu flight and in the test
installation. Nigure 6(a) illustrates the flow cond:tinns existing
when the engine 1s In flight. Momentum considerationa of the rlow
through the imaginary boundary drawn in figure 6(4) results in the
following relatlon:

G!ili:

(Vg - Vo) (1)

where

¥ average thrust develcped by englne, pounds

W combustion-air welght flow through englne, pounds per second
't acceleration of gravity, 32.2 feet por sscund per second

VJ offactive Jet veloclty equal to momentum of exhaust jet divided
by mass flow of combustion air, feet per second

Vo free-stream velocity, feet per second

The flow conditions obtalned in the tests (ses fig. 6(b)) are scme-
what different from those existing in flight. 1In this cuase, the
momentum equation when applled to the flow through the imaginary
boundarles ylelds:

Fp o= Ay (2o - Py) +g (Ty=Fp) - (2)

where
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Fy force measured in tests, pounds

A3 aree effective in transmitting air load pj; - p, to engine
and supporting structure, square inches .

Po &tmospheric pressure, pounds per square inch )

Py average static pressure inside surge tank at cross section of
area Ay, pounds per square inch

Vy effectlve alr velooity at cross section of area Ai y feet per
second

It is noted that the imaginary boundary passes through the crest of
the flexible rubber diaphregm. At this polnt the tension in the
diaphragm i1s normal to the axls of the englne and hence does not con-
tribute & term to equation (2).

Equation (2) shows that the total force msasured in the tests
1s the algebraic summation of the air-pressure load Ay (po - Pi)

w
g (7,

evaluated from the results of callbration tests, which are described

and the momentum force - \Ti). The air-pressure load may be

w
later. The momentum term g Vi 1s determined from the measured

value of combustion-air weight flow and the value of V4, which, in
turn, is obtalned from the calculated average veloclty at plane 1
(fig. 6) by assuming the veloclty varilation resulting from the
cyclic-flow through the engine to be sinusoidal. Because the average
velocity at plane 1 (fig. 6) is small (less than 1 percent of VJ),

the foregoing approximation for Vy iIntroduces negligible error.
The measured test force Fp may then be corrected by the values of

W
Ay (po - p1) and g V1 1n accordance with equation (2) to glve the

W
Jet momentum force g VJ’ herein referred to as the Jet thrust.

For convenlonce of analysls, the effective Jet velocity VJ is

calculated from the Jet thrust L Vi and the combustion-alr welght
flow W. The engine performance results are then presented as plots
of effectlive Jot veloclty and combustion-air welght flow against
fuel flow for the various simulated ram pressures. Predlcted flight
thrust values (excluding external drag) for the eirspeeds corre-
sponding to the simulated ram pressures are presented as computed
from equation (1) and the test values of effective Jet velocity

and combustion-air welght flow.
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The foregoing procedure involves the assumption that, for the
pame condltions of fuel flow and entrance ram pressure and tempera-
~ture,; the cambustlon-air weight flow and the effectlive Jet velocity
(and thus, the Jet thrust) are the same for the engine in flight as
on the thrust steand. The main lmplicatlions of this assumption are
that the combustion-air weight flow and the effective Jet velocity
are unaffected by the cyclic dlsturbances of the air stream ahead
of the engine entrance diffuser and by the flow of slipstream along
the engine shell, as obtalned in flight, '

TEST PROCEDURE

Thrust-calibration tusts. - The thrust-measuring system was call-
bratud previous to the tests to determine:

() The convursion factor butween thrust-manomoter deflection
and not force ¥, on the englne stiucturo.

(b) The air lcud Ay (py = Pg) on the ungine structure at the
various statlo-preasure valuee (py - po) used In the temta.

Tho callbrating »ig consisted of a woight-loading pan connected to
the thrust platform with a steel cable rumning over a separately
supported pulley. During thu callbretion testa the tatl-pipe outlet
of the Jet englne was pluggoed; the stutic pressure within the surgu
tank and the sngine was then bullt up with the combustion-air plower.

Epngsine-porfoimance tosts, - In order to start the englne, a
s'mulated ram pressure of 20 inchvas of water was malntained in the
alr surge tank and a fuol presswrce of 1S5 pounds por square Inch gage
was bullt up in the fusl surge tank. Ths fucl soclenold valve wua
then opuned and immudiately thoreafter the spark was energized.
Following the first oxplosion tho spark was decnergized and the
noedle valvo in the fuel line was rapldly opened to provide the
regulred fuel flow for the greatly increased alr flow induccd DY
the breathing action of the engine. Prodetermined valuws of simu-
lated ram pressure and fucl flow (range of fuel flows limited to
that resulting in resonant oporation) were set and tho engine
operating conditions were aliowod to 3tabilizs veofore start of the
test run. During the tcat run, which wes of approximately 30 seconds
duration, the purtinent tost data woro recorded; the thrust-mancmeter
roading was taken at the ond of the 30-second run pericd. Upon ocom-
plotion of the first test run, now fusl-flow and simulatod ram-
pressure conditions were ostablishud and the procodure for rucording
tho data was repeatod. The running time ger gtart was limited by
tho temperature of the sngino sholl (1600~ F chosen as a maximum
1limit) that could not bo adequatoly ccoled withk the availlable cooling
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alr (approximately 10 to 12 1b/sec). Only two and scmetimes three
tost runs could be made with a single test start; after these runs
it wae necessary to shut down tc allow the engine shell to cool.

A sumpary of the simulated ram pressures and fuel flows used
in tosts with two standard flapper-valve assemblies 1s glven in the
following table:

Simulated ran pressure, in. water
0 1 40 o8
Fuel fleow, 1b/hr

1R00 1600 1800 2200
1800 2000 2000 2400
2000 2200 240G 2500
2200 240C 28720 2800

. 3000 3200
3200 3500

In theso tests, She combustion-air teuperature was mailntained con-
gtant at approximately 70° F.

Steady-flow pressue-loss tests. - -The relatlon between alr
welght flow and presswe drop across the flapper-valve aspembly was
doteimined in steady air-flow tests conducted prior to opuration cof
the englne. In these vestn, air was pumped by the combustion-alr
blowor tc tho flapper-valve .assembly from where it flowed as a
gteady stream into the engzine shell and out tc the atmospherc. Ths
alr flow was varied 1n steps from the iowest value that vould be
rellebly moagured witn thu combustlion-alr or.fice tc the maximum
quantity safely pumred by tho combustion-alr blower; measuremonts
wore taken of tho alr welght flow and of tho differcnce botween the
alr pressure within tho surge tank and the atmosphoric pressurse,
which is approrximately cqual to the static pressurs drop across the
flapper-valvo asseubly.

Fuel-nozzle calibratlon tosts. - Previous tc ths tests, the
frol-manifeld -injection-nuzzle assumbly was callibrated to determine
the fuel distributiun among the nine fuel-inJection nozzloes at fuvl-
nozzle proseuros of 5, 1N. 15, 20, and 25 pounds por square inch
goge (wppor limit of thoe flow-bench equipment). This calibration
was conducted with tho fucl manifold 1in the same vortlcal position
as installed cn the engine; at oach fuel pressure tested the fuol
Flow issuing from oach injectlon nozzlo was separatoly measired.

The rosults of these fuel-dlstribution tests,as conductod on the
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<second flapper-valvc assembly, are glvon in flgure 7 whore the
individual fusl flow is plottod for each nozzlo, Included in the
-figure 1s-a-sketch that ldentifles. the nozzle numbei' and shows tho
position of the nozzlo on the grid. Tho perceuntago deviations fr-m
the avorage fuel flow and the totul fuol flow for cvach fuel prussure
arc aloo listed on tho flgure. .

RESULTS AND DISCUSSION

A summary of the performance results obtalned 1n the testo with
the two standard flapper-valve assemblies is presented in tables I
and IT.

Combustion-alr flow and effective Jet velocity. - The basic
over-all performance of tlie englns 18 presented in flgures 8 and 9
vherein the combustlon-alr weight flow and the offectlve Jet veloctty,
respectively, are plobted apainst fuel flow for simulated ram wreu-
sures of O, 18, 4), and %8 inches ¢f water. The end teat polnts un
each ram-prossure curve i 1'iguwe £ roprcsenl the lianita of the Jet-
ongine cycling or resonat.n3 oneration; o swall reduction in fuel
flow (about 100 to 200 1h/kr) dolow the lowor test limit or increuse
above Lhe upper tost limit resulbod in a change ln combustlon to
steady burning, for which tho affoectlve Jet veloclty les only a vory
small fractlon of that develgped dur'ing ‘esonant speration.

Figurcs 8 and 9 show that, for & ranm pressure ¢f G, from 6 tc
7 pounds per Bucund of air :a8 induced into thke ongine for cumbusticn,
upcn which an effoctlve Jet velocity of about 2300 fout per second
ls devoloped. 7This static purfeormanco is possible conly bocaune ol
the rescnunt pressuro variatlons occurring within thoe englno during
\ts operatlion; tho induction of alr 1o dwo, in this casv, sololy tc
the suctlon pressures creatod with.n the enginu alfter each cycle
oxplosion, wherous the high velocity discharge 1s the result of the
rapid bulld-up of presswro during the cowbustion process.

The ccmbustion-aly wolght flov incroases with incroaso in botk
tusl flow and ram pressurs (fig. 8); at the maximum simulated ram
pressurc of 58 Inches of water, the cambustion-alr weight flow 1s
close to 12 pounds per second. Buascd on the assumption that owlng
to tho fluppor-valve uction the induction period in each cycle is
halfl the lotul cyolo timo, this air flow corrssponds to an averazo
air veloclty during the induction poriod of about 360 feet por
second through the throat of tho vunturl passages. The englne volu-
motric efficiency corresponding to this air flow is about 38 poercent,
us basod on a cycling rate of 40 cycles per socond (sco tables I and
II) ad the ongine volume betwoen the flappor-valve assumbly und
tho throat of tho convergont nozzlo (beginning of tho constant-arui
tall pips).



12 . ' NACA MR No. ESJO2

Figure 9 shows that, as the fuel flow 1s increased from the
lower to the upper cycling limlt at each ram pressure, the effective
Jet veloclty Increases to a maximum value and then decreases. The
maximum effective Jet veloclty 1s seen to increase substantially
when the ram pressure 1s changed from O to 18 inches of water.
Throughout the range of ram pressnres from 18 to 58 inches of water,
however, the maximm effective Jet velocity varles only about .

140 feet per second and appears to be highest at a ram pressure of
40 inches of water. N

The effective Jet velocity 1s plotted in figure 10 against fuel-
alr ratio as obtalned from the test points presented in figures 8 and
9. The fairing of the curves through the test pointe in this and
subsequent flgures was made 1n a manner to glve consistent results
with the basic curves of figuves 8 and 9. The effective Jet veloclty
1s shown to be a meximm in the vicinity of 0.08 fuel-alr ratlo for
all the ram pressures tested.

Predicted flight thrust. - The thrust that would be developed
in sea-level flight for the atwospheric pressure and temperature
test conditions (approximately NACA air) at the flight speeds corre-
sponding to the test simulated ram pressures are plotted agalnst.
fuel flow in figure 11 and against fuel-air ratio in figure 12.
Because the effect of altitude on the engine performance is not known,
figures 11 and 12 are presented for only sea-level operatiom. A
variation of about 16 percent exlsts between the maximum static
thrust (at O ram) and the thrust developed at 190 and 280 miles per
hour at the same fuel flow. The meximum thrust increases with elr-
gpeed at a rapldly decreasing rate; for alrspeeds of O, 190, 280,
and 340 miles per hour, the maximum thrust values are 500, 660, 740,
and 770 pounds, respectively. It 1s evident from figures 11 and 12
that, although the fuel flow for maximum thrust increases with
increase in airspeed, the air flow increases in the same proportion
so that 1n every cese maximum thrust occurs at a fuel-air ratio of
about 0.08.

Fuel consumption. - The thrust specific fuel consumptlon of
the engine in pounds of fuel per hour per pound thrust (excluding
external drag) 1s plotted in figure 13 against fuel-air ratio
for the various indicated airspeeds. Best-economy operation
1s obtainod at a fuel-alr ratio of 0.064 for flight speeds of
280 and 340 miles per hour and at a fusel-air ratio of about
0.072 for flight speeds of O and 190 miles per hour. The thrust
speclific fuel consumption for best-economy operation at flight
speeds of O, 190, 280, and 340 miles per hour are, respectively,
3.8, 3.4, 3.3, and 3.6 pounds of fuel per hour per pound
thrust. The curves of specific fusl consumption are quite flat in
the reglon of best-economy fuel flows and for maximum thrust opera-
tion at the flight speeds of O, 190, 280, and 340 miles per hour
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indicate fuel oonsumpﬁ&nne of 4.0, 3.8, 3.8, and 4.2 pounds of fuel
per hour per pound of thrueh;,respeotively These values represent

.an increase in fuel. consumption abuve the best-economy values of

about 5 percent for flight speeds of U-and 190 miles per hour and
about 15 percent for flight speeds of 280 and 340 miles per hour.
Reference to figure 12 shows taat the predlcted flight thrusts
obtalned at the best-economy fusl-air ratios are 420, 610, 660, and
680 pounds at the flight speeds of 0, 190, 280, and 340 miles per
hour, respectively.

The fuel consumed per thrust horsepower-hour l1s plotted in fig-
ure l4 egalnst fuvel-alr ratio for flight speeds of 190, 280, and :
340 miles per hour. The sproad between the different ailrspeed
curves 1is due mainly to the reduction ln Jet-wake losses and the
resultant lncrease in over-all opsrating efficlency obtained with
increase in flight spoed. The minimm values of power speciflc fuel
consumptlion indicated in figurv 14 are 6.9, 4.3, and 3.9 pounds per
thrust horsepower-hour for the flight spceds of 150, 280, and
340 miles ror hour, respectively. Thce bust value of powur spccific
fuel consumption (3.9 lb/thp-hr) correspunds to an ovor-all efrfi-
clency of 3.5 percent, as based on tho lower heetirg valuo of the
fuel; this eficiency value i1s ubout half that calculated for the
ldealized oycle.

Cycle pressures. - The cycling frequencies moasured in the tests
aro givon In tables I and II. A tabulation of tho maxlmum and mini-
mum combustion-chamber pressures is included 1in table ITI. Tho fre-
guency valuos are seen to vary from 39 to 41 cycles pur second. The
maximm and minlmum pressures were measurod only in the tests con-
ducted wlth tho second flappor-valve cssombly becauso the first
tosts wore dovotcd to dovelcpmont of a satisfactory pickup. Table II
shows that the maximum pressure increases from about 43 to about
52 inches of mercury gago (about 29 to 32 1b/sq in. absolute) whon
the simulated ram pressure 1s increased from 40 to 58 inches of
wator; these values compare with a theoretical maximm-prossure value
of about 145 pounds por square inch absoluto, which would be obtained
in a constant-volume burning process. The minimm pressure 1s shown
in table II to vary in a random mamner from 7.5 to 10 inches of mer-
cury vacuum (from 12.1 to 11.3 1b/sq in. absolute) for simulated
ram prossures of 40 and 58 inches of water.

Photographic records .of the combustion-chamber pressure varia-
tions as indicated on the oscilloscope screen are presented in fig-
ure 15 for twe typical operating conditions. The emall irregu-
larities in the wave forms are due to the effects of the oscillating
alr columm within the extension-tube connection to the pickup. The
measured values of maximum and minimum gombustion-chamber pressures
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and -f oycle time are 'dentifled on the individuval pressure traces;
the atmospheric and ram-pressure lines are estimated fram linear
interpclation between the maximum- and minlmum-pressure values. The
records show that the pressure rise from minimum to maximum value
begins at a relatively slow rate and contlnues at asubstantlally the
same rate untll & pressure scmewhat higher than the absolute ram
presgure 18 reached. At thlso pressure value, a high acceleration of
pressure 1s obtuined and the pressure thoen increases at a greatly
lncroased 1atuv bto almost maximum value. The pressurc decrease from
moximm to minimum velueo occurs at o substantlally constant rate.
Vuluwe of the maxlmum rate cf pressure rise and the rate of dscrease
for conditions (a) and (b) of Ffisure 15 are roughly estimatod from
the records and are tanbulated as followa:

Condltion Ratu of Rate of
preasuro pressuro
riso duvcroase

(in. Hz/soc) (in. Hy/sec)

(a) 5,000 6000
(h) 13,000 4000

Flamo photographs. ~ In flgwe 16, onlargements are shown of
14 puccussive framea of a hlgh-spood motion-pictury fllm of tho
flam. at the tail-pipo outlet. A fluorescont tubo lightod by stand-
ard 110-volt fi0~cycle current provided a timing trace for thu flamo
as shown in tho enlargumcnts. The frames show tho distinct bulld-up
and dcecay of the flumo. PIroJoction of the f1lm cloarly showed that
the high-vulocity dlochurge from tho tall pipe was followod by a
camploty m:veroal of flow whoroin o portlon of the oxhaust gas.s
within thu tatll plpo und tho nozzle was drawn back inic the combus-
tion chumbor. This rovorsal of flow ls tho rcsponso to the suctlon
prosourcs croatoud within the combustion chambor aftor each exploslon
and probably results in procomprosasion of tht new chargu and gubso-
quont lgnition.

Fuel-nozele pressures., - The values of tfuel-nozzle pressure
measured in the tests on the flrst flapper-valve agsembly were unduly
high bucause of partial clogging of tho nozzle passagoe by foreign
matorials within tho fuel linos. These valuos are therefore not
progentcd. Tho values moaegured for tho sucond flapper-valve essembly
arv, however, conslderod satisfactory and aru included in tablo IT.

In figurc 17, the fucl flow 1s plctted against the Ivel-nozzle
pressure (relative to wtmoaplheric precsure) us measured in the tests
on the gecund flappur-velve assumbly. The vealuos obtained 1n the
fusl-distribution tests (fig. 7) aru Included in tho plot for com-
parlson, In tho fusl-distrlibution teste the fuel nozzles discharged



NACA MR No. ES5J02 15

against atmospheric pressure, whereas during operation of the engine
the nozzles discharged against a cyclically varylng pressure whose
&verage 1s abové atmospheric; the ‘fuel pressures reguired in the
engine-performanace tests are therefore higher than those measured in
the fuel-distribution tests.

Steady-flow pressure loss across flapper-velve assembly. - The
steady-flow pressure-loss characteristics of the two flapper-valve
&rid essemblies used in the tests are plotted in figure 18. The
Pressure differential required to open the flapper valves at the
start of the performance tests is shown to be about 14 inches of
wvater. Inasmuch as the pressure drop would vary closely as the
square of the alr-welght flow for constant flapper-valve position,
the linear varilation obtained throughout the range of pressure drops
tested indicates that the valves were still opening and had not’
reached wide-open position even at & pressure drop of 40 inches of
wvater. In view of the fact that the two flapper-valve assemblies
were similar the stiffness and naturasl frequency and hence the
steady-flow pressure-loss characteristics would be the same as
confirmed in flgure 18.

Flapner-valve deterioration. - Figure 19 1s a photograph of the
first flapper-valve assembly taken after 30 minutes of operation.
In general, most of the valves appeared to bo in good condltion.
The discoloration of some of the valves indicated that they had been
subJected to hot burning gases; as a congequence these valves had
lost thelr original tension. Detaills of the two most damaged valves
in the assembly are shown in figure 20. Sectlons of the tips of
these two valves were broken off and cracks extended back from the
edges. The dmmage wes undoubtedly the result of lmpact forces
imposed on the valves as no signs of discoloration were apparent.
Further testing with this valve assembly (not reported herein)
indicated a rapld reduction in thrust after 33 minmutes of total
operation.

Inspection of the second flapper-valve assembly after 17 minutes
of operatlion revealed greater flapper-valve damage than that of the
first assembly, notwlithstanding the shorter operating time.

SUMMARY OF RESULTS
A ammary of the Important results obtalned in sea-level tests

conducted on a 22-inch-dilameter pulse-Jjet engine installed on a
thrust stend 1s presented in the followlng table:
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Simulated rem pressure, in. water 0O 18 40 58
Equivalent indicated airspeed (NACA air), mph 0 190 280 340
Predicted maxImm flight thrust, 1b 500 660 740 770

Thrust specific fuel consumption at maximum- 4.0 3.8 3.8 4.2
thrust operation, 1b/(hr)(1lb thrust)

Predicted flight thrust for operation at 420 610 660 680
minimum fuel consumptlon, 1b
Minilmum value of thrust specific fuel con- 3.6 3.4 3.3 3.6

sumption, 1b/(hr)(1b thrust)

Maximum-thrust operatlon wus cbtained at & fuel-air ratio of approxi-
mately 0.08 and best Ffuel economy, in the fuel-alr-ratio 1ange
between 0,064 and 0.072. :

The operating frequency cf the Jet englne varled from 39 to
41l cycles per second. Maximum ccmbustion-chamber pressures ln the
order of 40 to 50 inches of mercury gage and minimum pressures from
about 7 tc 10 inches of murcury vacuum ware measured for the simulated
ram prousures of 40 and &8 Inches of water. The operating lives of
the two flupper-valve assemblies used 1n the tests were apprcximately
17 and 33 mlinutes, respectlvely.

Afrcruft Englne Reseurch Laboratory,
Nutlonal Advisory Committee for Aeronautlcs,
Cleveland, Ohlo, October 2, 1945.



P

TABLE I - SUMMARY OF RESULTS OF TESTS ON FIRST STANDARD PLAPPER-VALVE ASSEMBLY

Run|Simu~ |Fuel|Bero- |Combus- |[Combus- |PFuel- |Jet Effec~ |Predicted |Cycling|Maximum|Maximum |Total
lated |[flow|metric |tion-air|tion-alr|air |thrust|tive flight fre- valve- |shell |[time on
rém (1b/]pres- |temper- jweight |ratio| W v Jjet thrust quency |grid temper- |flapper
pres- | hr)|sure ature flow, W g 'J |veloe- |w (Ve=V.) (cps) |temper—|ature |[valve
sure (in. Hg] (°F) |[(1lb/hr) (1v) [1ty, vylg """ "o ature (°P) |at end
(in, abs,) (re/ (1b) (°r) of run
water) sec) (min)

1 [19.8 ]1600| 28.42 59 agg,280 |0.061} 513 2262 447 ————— 104 1540 5.5
3 118,2 2000] 29,26 68 428,800 .069 | 640 2579 571 oo 96 1220 |==—eiee-
4 120,4 1600] 29.26 71 426,280 .061| 457 2016 389 | e 114 1600 8.0
5 |17.1 2210] 29,05 60 229,880 .074 ] 695 2697 625 40 o4 1500 9.8
6 {18,686 2400 29,05 64 a30,600 L0781 744 2818 8673 40 104 950 11,3
8 |-0.,5 2000] 29,30 68 225,200 079 496 2279 496 39 103 1175 |===——e-

9 |- .1 1600 29,30 70 421,600 074 | 427 2292 427 39 118 1550 14,1

12 {15.,9 [2400f 28,95 78 azp,600 | .078| 711 2693 640 40 112 1200 |-w==e=-

13 17,5 2000] 28.95 76 228,800 .069| 579 2330 509 40 112 1150 18.1

15 0.1 2200] 2¢,50 64 225,560 .086] 487 2210 487 40 ————— 950 18.9

16 | 2,0 |1400] 28,50 65 40 87 1050 | 20,2

18 | 37,7 2800} 29,35 63 436,000 .078] 870 2801 748 39 105 1200 [====——-

19 [41.5 2400] 29,35 65 434,200 070} 794 2691 672 40 96 1585 21.7

20 40,2 |%2000] 29,35 64 432,040 062} 691 2498 579 40 100 1100 [===ww—-

21 |40,9 1800} 29,35 71 330,960 .058| 543 2030 433 41 103 1415 23,4

22 (40,7 ]3200] 28.35 64 837,440 | ,085| 815 2525 683  |==ee—e 104 1150 | 24,3

23 20,4 1800} 29,18 60 26,280 .061 b

24 118.4 2000 2¢,18 63 29,160 0689|7655 2602 584

25 20,5 22001 29,18 66 29,520 075

26 17,3 2400 20,18 67 30,600 078 742 2812 670 26.5

27 |-0.2 |1600{ 29.18 | 62 21,600 | ,074 |P403 2165 403 -

28 |-2.4 |1e800| 29,18 | 65 24,120 | ,075P470 2261 470

29 {-2.1 |2000] 29,18 | 68 25,200 | .079| 514 2364 514 28,2

30 | 43,3 2000] 29.18 74 54,920 .057 |[P758 2516 629 - .

31 42,0 2400| 29,18 74 34,560 .069 |P840 2818 715

32 | 38.0 2800} 29,18 75 34,920 .080] 859 2854 739 29,9

33 | 60,4 |2400| 29,42 80 37,440 | .064] 818 2531 659 ————— 104 1250 {=—=ww-—-

34 159,3 2200] 29,42 84 38,880 087 729 2177 566 31.6

35 |61.,5 |2800[ 29.42 | 89 38,880 [ .072| 907 2707 739 | mm———- 127 1250 |[--—---~

36 |59:5 |[3200} 29.42 91 39,600 | .081| 933 2729 765 ——— 127 |=e=e—e=| 33,3

%Read from plot of data obtalned in runs 23 to 32. NATIONAL ADVISORY

bstabilization time for thrust measurement less than 30 sec. COMMITTEE FOR AERONAUTICS
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TABLE II -~ SUMMARY OF RESULTS OF TESTS ON SECOND STANDARD
FLAPPER~VALVE ASSEMBLY
Run| Simu~ |Fuel |Fuel- |Baro- |[Combus-|Combus-jFuel-|dJet Effec-

lated | flow|nozzleymetric |tion- tion- air thrustjtive
ram (lb/ pres- |pres- air air ratio|W Jet
pres- | hr)lsure |[sure temper- | weight 2 V3 |veloc-
sure (1b/sq| (in. Hglature |flow (1b) ity
(in. in.) | abso- | (°F) W Vj
water) lute) (1b/hr) (£t/
gec)
2 { 59.0 {3200 62 28.94 85 41,040 j0.078] 946 2674
3 | 60.1 }2500{ 38 28.94 86 38,880 .064| 884 2638
4 | 58.7 |3500}) 72 28.94 85 41,760 .0841 973 2702
51 58.1 |2800| 48 28.94 85 39,600 071 883 2583
9 | 55.8 ]12800] 48 29.08 70 39,600 071l memmam e
10 | 53.8 {2800] 48 29.08 72 40,680 .069{ 892 2540
15 | 59.0 {2800 }--~-~~ 28.98 78 42,100 067] 923 2541
16 | 36.7 |2800) 47 28.99 69 37,080 L0761 829 2591
17 | 39.9 |2000} 27 28.99 70 32,040 .062) 731 2644
18 | 37.5 13000] 55 28.99 72 37,080 .081{ 875 2735
19 | 35.9 12400 7 28.99 72 33,480 072 810 2804
Run| Predicted Cycl- Maximum |Minimum [Maxi- Maxi- {Total
flight ing combus- jcombus- |{mum mum time on
thrust fre- tion tion valve-| shell [flapper
w (V. - V) guency| pressure|pressure |grid tem- valve at
g~ J 071 (eps) t (in. Hg |(in. Hg |tem- pera- {end of
(1b) gage) vacuum) |pera~ | ture |run
ture (°F) (min)
(°F)
2 772 39 47.6 9.5 134 1375 lecwocna-
3 717 40 47.6 8.5 136 = immmee 3.0
4 795 |memme-- 51.6 9.2 120 1325 |---c==e-
5 716 fmewme-- 51.1 8.0 126 1550 4.8
1+ T [ 40 52.4 8.6 148 1700 8.3
10 727 39 52.4 9.2 150 1225 9.2
15 745 W jewmmmme o e e —wmmce e ———— 13.6
16 703 33 j-o-emmmee- 10.0 153 1300 [ww-e=m—-
17 618 40 13.4 7.4 162 1600 15.7
18 747 38 45.3 10.2 151 1200 Jr~ecmen=-
19 697 40 41.9 8.4 151 1575 17.3

National Advisory Committee
for Aeronautics

E5J02
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Figure I, — Details of 22~inch-diameter pulse—jet engine.

*ON 3N VOIVUN

corg3

i



Figure 2, -

Rear view

{downstream face) of flapper-valve

fuel-injection
- nozzles

NACA
c-7962
12- 16-44 .

grid assembly.

; Cehf%?fbéél—sprayi;

ON YN VOVN

zora3



3
L
¥

Fuel-dist

;manifold -

A R

Dot g el et 4 S e

..
r

v
1

“

Figure

bution

3. = Front view (upstream face) of flapper-valve

grid assembly.

"ON ¥W VIOVN

zorqa




Transition

Diaphragm Flexible connection
(see detail &) (see detail B)

/—————Thrust platform

o —

\\ __Jb

'~ Rubber m&g
diaphragm \ Engine

-

Jet engine

[—Rubber boot
T—— Clamping
bands

diffuser

Transition

duct
Detail 8

Flapper-valve
: assembly /F—-Jet engine

Figure 4.

pump

S ;_ig\\\wiif[il

supports
—Thrust platform

-~ Frame

section
2 Surge tank
) '
k( e
[
|
pPlane i Plane h
/—Bleed valve éL_- Surge-tank \
flange—-\
/r—BIower
]
. Transition
:;;;ering I I /—flange
N -
tank ~—Magnetic Detail A
- /| coupling :
I ] l
[ L
oV,
~ F’ 5 N—Motor
L_FJ
Manometer
' - T1F
/"\ s
B x
erosene i
wt*' // reservoir—/ ) . |
Hydfaullc piston-
L orifice Kerosene cylinder assembly

Thrust arm

NAT |ONAL ADY ISORY

COMMITTEE FOR AERONAUTICS

- Schematic diagram of test installation of 22-inch-diameter puise-jet engine.

*oN YN VOVN

cors3



“ON YN VOVN

zora3

Thrust platform
- Bedplate -}

Figure 5. - Test installation of 22-inch-diameter pulse~jet engine.
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Figure 6. - Comparison of flow conditions obtained in
thrust-stand tests with those existing in flight.
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Figure 7,~ Results of flow-bench tests on fuel-injection nozzles showing individual-nozzle
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Figure 11. - Variation of predicted flight thrust (excluding external drag) with fuel flow for the various simulated

flight speeds.

(Sea-

level operation in approximately NACA air.)
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(Sea~level operation in approximately NACA air.)
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Fuel-air ratio

Flgure 13.- Variatlon of thrust specific fuel consumption with fuel-air ratio for the various

slmulated flight speeds.

(Sea~-level operation 1n approximately NACA air.)
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Flgure 14, -'variation of power specific fuel consumption with fuel-alr ratio for the

various simulated flight spdeds,

(Sea-level operation 1in approximately NACA alr.)
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NACA MR No. EBJO02

“— 025 sec

Maximum pressure,
\ 45.3 in. Hg

\ -
Atmospheric pressure ——5@# Ram pressure
Hinimgm pressure, 7331? 37.5 in. water

<10.2 in. Hg

ta) Ram pressure, 37.5 inches of water; fuel flow,
3000 pounds per hour; fuel-air ratio, 0.081.

Maximum pressure,

h 52.4 in. Hg
Atmospheric pressure \\', Rgg.gr?:fu;: er
Minimum pressure;
=8.6 in. Hg
NACA
£- 13042
910+ 45

{b) Ram pressure, 55.8 inches of_wateri fuel flow,
2800 pounds per hour; fuel-air ratio, 0.071.

Figure |5, - Combustion-chamber pressure cycles for two
typical test conditions.



NACA MR No. E5J02

Figure 16. - The flame cycle at the tail-pipe outlet as
viewed by a high~speed motion-picture camera (2000 frames
per sec).
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Figure 17.- Variation of fuel-nozzle pressure with fuel flow showing difference of thrust-—
stand data (obtained during operation) from the flow-bench calibration.
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R4 Flapper-valve
pod grid assembly
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Alr surge-tank pressure above atmospheric pressure, in. water

Flgure 18,- Pressure-loss characteristics of the two flapper-valve grid assemblies in the
performance tests,
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Figure

NACA
C-8695
2.22.45

19. - Flapper-valve grid assembly after 30 minutes of operation.
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Figu?é_z_o. -« Close~up view of?lapper—valve grid assicimbTy showling two of the mdst
damaged valves after 30 minutes of operation.
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